To determine the effect of a pleiotropic MMP-inhibitor, a novel chemicallymodified curcumin 2.24 (CMC2.24), on the clinical and biological measures of naturallyoccurring periodontitis in the beagle dog. Methods: Eight adult female dogs with generalized periodontitis were distributed into two groups: Placebo and Treatment (n=4/group). After a 1-hr full-mouth scaling and root planing (SRP) at time 0, placebo or CMC2.24 (10mg/kg) capsules were orally administered once/day for 3 months. Various clinical periodontal parameters (e.g., pocket depth, gingival index) were measured at different time periods (0, 1, 2 and 3 months), and gingival crevicular fluid (GCF) samples and gingival tissue biopsies (3-month) were analyzed for cytokines, MMPs and cell-signaling molecules. Standardized radiographs were taken at 0 and 3-month; in addition, peripheral blood monocytes/macrophages from these dogs at 3-month were cultured and analyzed for the pro-, activated-, and total-forms of both MMP-2 and MMP-9. Results: CMC2.24 treatment significantly reduced gingival inflammation (gingival index, GCF flow), pocket depth (PD), and the numbers of pockets (PD≥4mm), compared to placebo. CMC2.24 also significantly reduced MMP-9 and MMP-2 (primarily in the activated-form) in gingival tissue, alveolar bone loss, and reduced GCF IL-1β. Cell-signaling molecules, TLR-2 (but not TLR-4) and p38 MAPK, responded to CMC2.24 in a pattern consistent with reductions in inflammation and collagenolysis. In culture, CMC2.24 had no effect on pro-MMP-9 but essentially completely blocked the conversion of pro-to activated-MMP-9 in systemic blood-derived monocytes/macrophages from these dogs. Conclusion: In the beagle dog model of natural periodontitis, orally administered CMC2.24 (a novel triketonic phenylaminocarbonyl-curcumin) significantly decreased clinical measures of periodontitis as well as pro-inflammatory cytokines, MMPs, and cell-signaling molecules. These and previous studies, using other in vitro and in vivo models, support the clinical potential of CMC2.24 as a novel adjunct to SRP in the treatment of chronic periodontitis.
Introduction
Periodontitis, a most common chronic inflammatory disease, is initiated by a wellcharacterized microbial biofilm (primarily involving anaerobic gram-negative bacteria including Porphyromonas gingivalis, Tannerella forsythia, Prevotella intermedia and others), followed by connective tissue breakdown including alveolar bone loss mediated by the host response. [1] [2] [3] The latter is characterized by the generation of inflammatory mediators, such as Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), Prostaglandin E 2 (PGE 2 ), and the excessive production of collagenolytic enzymes, including the matrix metalloproteinases (MMPs; especially MMP-8, MMP-9, MMP-12 and MMP-13). 2, 4, 6 Clinically, this biologic cascade results in the loss of the periodontal attachment apparatus, including apical migration of the epithelial attachment, formation of periodontal pockets, and loss of alveolar bone. 5 This widely accepted pathologic cascade provides the rationale for a pharmacologic strategy developed more than three decades ago (and recently reviewed by Golub and Lee), 6 titled "Host Modulation Therapy" or "HMT". [7] [8] [9] This treatment strategy evolved from the discovery that tetracyclines (a group of antibiotics commonly prescribed for bacterial infections), unexpectedly, inhibited host-derived MMPs, and by NON-antimicrobial host-modulating mechanisms unrelated to their well-characterized antibiotic activity. This discovery "drove" the development of novel, NON-antibiotic "formulations" and (later) "compositions" of tetracyclines which could be administered as host-modulators without producing the side-effect of antibiotic-resistant bacteria. The NONantibiotic "formulations" include "low-dose" doxycycline (20 mg b.i.d., and sustained-release 40 mg q.d.); 10 and many NON-antimicrobial "compositions" of these drugs. However, of the latter group, only one has been studied extensively, the chemically-modified tetracycline molecule, CMT-3 (i.e., 6-demethyl 6-deoxy 4-dedimethylamino tetracycline). [9] [10] [11] [12] [13] [14] [15] It should be noted that both of the former formulations are government-approved (US Food and Drug Administration; also Canada and Europe governmental agencies), while the latter (CMT-3) has been tested in human clinical trials in patients with a type of angiogenic cancer and in other malignancies, and in preliminary studies on patients with chronic periodontitis. 6, [11] [12] [13] [14] [15] Although these NON-antibiotic tetracycline-based HMTs primarily function as inhibitors of MMPs, they also exhibit pleiotropic anti-inflammatory activity by down-regulating inflammatory cytokines, prostanoids, and reactive oxygen species (e.g., superoxide anion, hypochlorous acid). 7, 11, 16 A second category of HMTs which have been widely studied, are the resolvins. 17, 18 These are derivatives of omega-3 fatty acids, docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and the lipoxins. 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] These novel compounds have demonstrated safety and efficacy as HMTs and function by preventing the destructive prolongation, or chronicity, of the inflammatory response, but do not block its acute phase which is necessary to combat infections. 9, 28, 29 However, none of these formulations has been governmentapproved as therapeutic agents for periodontitis at this time.
More recently, our group has developed a newer series of HMTs, which incorporate a similar, metal-ion (Ca 2+ , Zn 2+ ) binding-active site, like the NON-antibiotic tetracyclines, but which are bi-and tri-phenolic rather than tetra-phenolic, i.e., the bis-aroyl methanes (BAMs) (now abandoned) and the novel chemically-modified curcumins (CMCs). 30, 31 Of these ( Figure 1 ), CMC2.24 (a phenylaminocarbonyl curcumin), the "lead" compound, was found to be safe and most effective based on in vitro, cell and tissue culture, and in vivo studies on rat models of experimental periodontitis, diabetes, and wound healing. [30] [31] [32] [33] [34] [35] [36] [37] [38] Moreover, this novel compound is tri-ketonic (see "circle" below) rather than di-ketonic (see Figure 1 Structures of doxycycline, chemically modified tetracycline-3 (CMT-3), curcumin, and a chemically modified curcumin, CMC2.24. All these bi-and tetra-phenolic compounds possess the cation-binding β-diketone moiety at the C-4 position (as "circled" and illustrated on the right top) (note that the highlighted tri-phenolic CMC2.24 is also tri-ketonic as "circled" on the right bottom while the other compounds are di-ketonic).
"circle" below) providing a structural mechanism (increased cation-binding) for its enhanced potency as an MMPinhibitor. [30] [31] [32] Previous studies have demonstrated the efficacy of CMC2.24 to reduce inflammatory cytokines and to inhibit bone loss in diseases such as periodontitis in small (rodent) animal models. In the current study, a large (dog) animal model with naturally-occurring periodontitis was used to further define the pleiotropism of CMC2.24, as a hostresponse modulator, in reducing inflammation/collagenolysis, and this animal model is widely recognized as necessary before progressing to human clinical trials. The aim of current study is to determine the in vivo effects of CMC2.24 on the clinical and biological measures of periodontitis in the dog, and to further examine its underlying mechanisms on the inflammatory cell-signaling pathway by inhibiting of cell-signaling molecules Toll-Like Receptor-2 (TLR-2) and p38 Mitogen-Activated Protein Kinase (p38 MAPK) expressions. Regarding the null hypothesis of our study, there is no difference or no relationship in efficacy between the treatment and placebo groups.
Materials and Methods
Chemical Reagents CMC 2.24 was synthesized and provided by Chem-Master Intl., Inc. (99.5% pure, Stony Brook, NY, USA). Carboxymethylcellulose as placebo was purchased from Sigma Chemical Co. (St Louis, MO, USA). All cell culture reagents and other chemical reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Animal Studies
Protocols for the animal studies were approved by Stony Brook University's Institutional Animal Care and Use Committee (IACUC #896357). Animals were housed in the Division of Laboratory Animal Resources (DLAR) at Stony Brook University, with care provided by the center's personnel. All procedures were conducted at the same location. This facility follows the Animal Welfare Act (USDA enforced), the Public Health Service Act (OLAW enforced), and NY State law (DOH enforced), and is an AAALAC International accredited facility.
Eight adult female beagle dogs (3-5 years old, 9.5-11.5 kg) with generalized periodontitis were supplied by Marshall BioResourses (5800 Lake Bluff Rd, North Rose, NY), after preliminary screening of 49 similar dogs for significant periodontal disease in their posterior teeth. Exclusion criteria of dogs included pregnancy, health or laboratory abnormalities, and previously used within 3 months in another study.
The dogs were single-housed in standard kennels with ambient temperature maintained at 18-24°C and lights automatically turned on/off at 06:00 AM/18:00 PM. All dogs were acclimatized to the study environment two weeks prior to the initiation of the experiment.
Study Design
Data collection to test the efficacy of drug was analyzed at four-time points as described below ( Figure 2 ). During all exams, procedures and sample collections, the dogs were administered general anaesthesia. Anaesthesia was performed by veterinarians in the DLAR. At each time point, food/water was removed from cages 12 hrs before anesthesia.
At pre-baseline, a pretreatment full-mouth exam was performed one week prior to baseline data collection. Periodontal measurements including the following clinical parameters were taken: probing depth (PD), gingival index (GI), plaque index (PlI), bleeding-on-probing (BOP), clinical attachment loss (CAL) and tooth mobility. These measurements were made at all posterior sites of the maxillary and mandibular teeth using a UNC-15 periodontal probe (Hu-Friedy, Chicago, USA) as described below. Based upon the clinical periodontal measurements (PD, GI, PlI, BOP, CAL, tooth mobility, and number of sites with deep pockets), dogs with generalized moderate to severe periodontitis were equally distributed into placebo and treatment groups (n=4/group), to ensure a similar level of disease in both groups.
Baseline
At time=0, the weight of each dog was recorded, and blood samples were collected. Clinical photos and standardized radiographs of the jaws were also taken. Gingival crevicular fluid (GCF) samples were collected at the selected pocket sites with PD≥5mm (4-8 sites/dog) as described below. Then, periodontal disease severity was assessed using clinical parameters: PlI, GI, PD, BOP, CAL and mobility scores, which were recorded for all posterior teeth in both jaws (see following sections). After sample and data collections, all eight dogs received a standard non-surgical periodontal treatment. Briefly, a one-hour full mouth scaling and root planing (SRP) was performed with an ultrasonic scaler (Parkell Inc, Edgewood, NY, USA) and hand instrumentation as needed for calculus and plaque removal until all deposits were undetectable clinically. After SRP, one capsule containing either CMC2.24 (10mg/kg in the same vehicle) or placebo (vehicle only: carboxymethylcellulose powder) was administered orally once/day to each dog for three months. Food/water was removed from cages two hours before and after systemic application.
One-and Two-Months' Time Periods
The weight for each dog was recorded and blood samples were collected at each time period. GCF collection and periodontal clinical measurements were performed as described in the baseline section.
Three Months' Time Periods
In addition to the procedures described in the previous section, clinical photos and standardized dental radiographs were taken at this final time period. After GCF collection and periodontal clinical measurements were obtained, two gingival biopsies/dog, approximate 5×2×1 mm 3 per piece, were collected with a sterile surgical scalpel. Gingival biopsy specimens were excised from preselected sites with deep pockets then stored at −80°C for future extraction, partial purification, and analyses of MMPs (gelatin zymography) and cell-signaling molecules (Western blot), as described below. At the end of this time period, oral administration of CMC2.24 or placebo was stopped.
All measurements were performed in a blinded fashion, that is the clinical examiner did not know which group was receiving placebo or CMC2.24, and the investigators (2 people) carrying out the data analysis also did not know which group was receiving placebo or CMC2.24. On completion of the in vivo protocol, all dogs were successfully arranged for adoption by Stony Brook University Animal Care Facility.
Clinical Measurements
Clinical parameters (PlI, GI, PD, BOP, and CAL) were measured at all time periods (0, 1, 2, and 3 months).
Probing Depth (PD)
All posterior sites (3 buccal and 3 lingual/palatal sites per tooth) were measured at each time period. First, periodontal pockets with initial probing depth ≥4 mm were monitored at all time periods (time=0, 1, 2 and 3 months). Second, the total numbers of deep pockets (PD≥4 mm) at each time period were also recorded.
Gingival Index (GI)
All posterior gingival sites (2 sites/tooth, 1 buccal and 1 lingual/palatal sites) were recorded on a scale of 0 to 3 at each time period, based on the scoring criteria described in Table 1 . Then, the total numbers of severely inflamed gingival sites (GI≥2) at each time period were measured. Plaque Index (PlI)
All posterior tooth surfaces (2 surfaces/tooth, 1 buccal and 1 lingual/palatal surfaces) were recorded on a scale of 0 or 1 at each time period, based on the scoring criteria described in Table 2 . Then, the total numbers of tooth surfaces with clinically visible plaque (PlI=1) at each time period were measured.
Bleeding-on-Probing (BOP)
All posterior teeth (3 buccal and 3 lingual/palatal sites per tooth) were assessed as absence (-) or presence of bleeding (+) after probing at each time period. For each dog, number of sites with bleeding (+) was recorded.
Clinical Attachment Loss (CAL)
CAL is defined as CAL=PD-CEJ.GM, where CEJ.GM refers to the distance (mm) from the cementoenamel junction to the gingival margin.
GCF Collection and Extraction
Collection GCF was collected before probing depth was measured to avoid irritation of the gingiva at the selected pocket sites with PD≥5mm (4-8 sites/dog). The area for GCF collection was isolated with cotton rolls to prevent saliva contamination and dried with sterile gauze sponges. A Periopaper ® strip (Oraflow Inc, Hewlett, NY, USA) was inserted to the depth of the selected pocket and left in place for 10 s. GCF was immediately measured using a calibrated Periotron ® 6000 (Oraflow Inc, Hewlett, NY, USA) according to the manufacturer's instructions. After collection, the samples were immediately placed into tubes on ice (4°C) and stored at −80°C until further analysis.
Extraction
The frozen GCF samples were thawed (4°C) for 15 mins. Then, 400 μL of 50 mM Tris/0.2 M NaCl/5 mM CaC1 2 buffer (pH 7.6), containing a proteinase-inhibitor cocktail (which blocks serine, cysteine, and thiol proteinases, but not MMPs), consisting of antipain (1 mg/L), aprotinin (1 mg/L), N-ethylmaleimide (125 mg/L), leupeptin (1 mg/L), and 50 mg/L detergent, was added to the GCF samples. The strips containing the GCF were exhaustively mixed and extracted (1 hr, 4°C) as described previously, 39, 40 and aliquots were taken for analysis of inflammatory mediators by ELISA.
Radiographic Analysis of Alveolar Bone Loss
Standardized intraoral periapical radiographs at selected sites were taken at baseline and 3 months. A parallel-projection technique was used to position the X-ray sensor so that the beam exposes both the tooth and the X-ray sensor at right angles, resulting in minimal geometric distortion. A standardized probe was placed adjacent to the tooth to calculate the alveolar bone loss. 41 Radiographic measurements were analyzed by image J software to assess alveolar bone loss by measuring the distance from a fixed-anatomical landmark, the cementoenamel junction (CEJ), to the alveolar bone crest (ABC). Briefly, the distance from CEJ to ABC was calculated using the equation: HR 1 :HX 1 =HR 2 : HX 2 (HR 1 : height of real probe; HR 2 (unknown): height of real alveolar bone loss; HX 1 : height of radio-opaque probe; HX 2 : height of radio-opaque alveolar bone loss). All measurements were analyzed using a radio-opaque probe as an internal standard control. 42, 43 Gingival Tissue Extraction and Partial Purification
Two biopsies of gingival tissues from each dog at the threemonth time point were collected as described above. During the extraction process, all procedures were performed at 4°C. One of two gingival tissues from each dog was homogenized and the MMPs partially purified as described by us previously. 33, 37 In brief, gingival tissues were homogenized with a glass grinder (Kontes, Glass Co., Vineland, NJ, USA) attached to a T-Line Lab stirrer ( 
Peripheral Blood Monocyte/Macrophage Culture (ex-vivo)
At the three-month time period, blood samples were taken from the 8 dogs with periodontitis, which were systemically treated with CMC2.24 or placebo. 10 mL of whole blood from each dog was drawn, then transferred to tubes coated with heparin (anti-clotting). Monocyte/macrophage isolation was conducted by density gradient centrifugation using Lymphoprep™ (Accurate Chemical & Scientific Corporation, Westbury, NY, USA) at a ratio of 2 to 1-1.5 (v/v) and centrifuged at 1800 rpm for 30 min at 25ºC. 44 Monocytes/macrophages were then isolated and cultured 18 hrs in 24-well plates with Serum-Free Medium (SFM) (Thermo Fisher Scientific Inc., USA). Each well contained 10 6 cells, supplemented with 100 units/mL penicillin, 100μg/ mL streptomycin, in a humidified atmosphere of 5% CO 2 and 95% air at 37°C. After 18 hrs, supernatants were collected and analyzed for MMP-9 activity.
Gelatin Zymography
Assays for MMP-2 (pro-form: 72 kDa; activated-form: 63 kDa) and MMP-9 (pro-form: 92 kDa; activated-form: 82 kDa) in gingival tissue and cultured medium of macrophages isolated from peripheral blood (ex-vivo) were described by us previously. 12, 33, 37, 45 In brief, the gelatin zymography system and sodium dodecyl sulfate-(SDS-) polyacrylamide gels (PAGE) containing polyacrylamide copolymerized with gelatin at a final concentration of 1mg/mL were purchased from Invitrogen Corp. (Carlsbad, CA, USA). After electrophoresis (120V), the gels were rinsed with distilled water and soaked in (1×) Novex™ zymogram renaturing buffer (LC2670, Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 2.5% Triton X-100 for 30 mins, and incubated at 37°C overnight in (1×) Novex™ zymogram developing buffer (LC2671, Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 40mMTris/HCl, 200mMNaCl, 10mM CaCl 2 , and pH 7.5), and then stained with Coomassie Brilliant Blue R-250 (Thermo Fisher Scientific, Inc., Waltham, MA, USA). As described by us earlier, 32, 33 clear zones of lysis against a blue background indicated gelatinolytic activity and were scanned densitometrically with Invitrogen™ iBright™ FL1000 Imaging Systems (Thermo Fisher Scientific, Inc., (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for protein gels, and analyzed by Image J to assess quantitatively gelatinase activity. 36 MMP-2 and MMP-9 standards were purchased from R&D Systems, Inc. (Minneapolis, MN, USA).
ELISA Assay
ELISA kits for IL-1β (Catalog# DY3747), IL-6 (Catalog# CA6000), and TNF-α (Catalog# CATA00) were purchased from R&D Systems, Inc. (Minneapolis, MN, USA) . The high-sensitivity CRP kit (Catalog# MBS704226) was purchased from MyBioSource, Inc. (San Diego, CA, USA). All cytokine measurements were performed according to manufacturer's instructions. bands. The densitometric units were measured in the linear range of immunoreactivity for TLR-2 and p38 MAPK expressions by Image J analysis software.
Western Blot Analysis

Statistical Analysis
Cytokines, MMP levels, protein expressions and alveolar bone loss of both placebo and treatment groups were analyzed by Student's t-test, and also by ANOVA (two investigators carried out the data analysis, separately), with p<0.05 taken as statistically significant. All data analyses were performed with SPSS ® WIN 12.0.
Results
In this initial report on the efficacy of a novel chemically modified curcumin, CMC2.24, in dogs with naturallyoccurring periodontitis, statistically significant improvements were observed in all of the clinical parameters measured, and these are now described.
Gingival Index (GI)
The placebo-treated group did not show any reduction in gingival inflammation (numbers of severely inflamed gingival sites) at any time period, while the group that was treated with CMC2.24 appeared to show a progressive reduction in severely inflamed gingiva (gingival index) with time; and the 20% reduction at the 3-month time period, in this group, was statistically significant (p<0.05) compared to the baseline values (Figure 3 ). Clinically, there appeared to be less redness, edema and glazing in the CMC2.24 treated group;
when a blunt instrument (periodontal probe) was run along the soft tissue entrance of the gingival crevice/pocket, there appeared to be much less bleeding in the treatment group, clinical signs which were consistent with the gingival index data described above.
Plaque Index (PlI)
After three months of daily oral administration of CMC2.24 or placebo, there was no difference in plaque index between the two groups, indicating little/no effect on the accumulation of the microbial biofilm (data not shown).
Probing Depth (PD)
Probing depth measurements in the placebo-treated control group not only showed no improvements over the 3-month protocol ( Figure 4A and B) , but also showed a statistically significant (p<0.05) increase in mean probing depth, compared to its own baseline at the 2-month time period. In contrast, CMC2.24 treatment significantly reduced mean probing depth by about 30% (p<0.001) compared to the placebo group at all time periods (1, 2, and 3 months), or compared to its own baseline values (p<0.001) ( Figure 4A ) at each time period as well. In addition, the total numbers of pockets with PD ≥ 4mm were also significantly reduced by CMC2.24 treatment at the 2-month time period by more than 60% (p<0.05), compared to placebo; as well as compared to its own baseline at both the 2-and 3-month time periods (p<0.05) ( Figure 4B ). 
Alveolar Bone Loss
Consistent with the above described clinical parameters, radiographically assessed alveolar bone loss at the 3-month time point indicated that placebo administration produced no significant change in this important assessment of periodontal destruction. In contrast, CMC2.24 treatment produced a highly significant (p<0.001) 27% reduction in alveolar bone loss ( Figure 5A and B ).
Gingival Crevicular Fluid (GCF)
As indicated in Figure 6A , the pattern of change over time, for both the placebo and CMC2.24 groups, was similar to that for the clinical measurements of gingival inflammation and pocket depth (Figures 3 and 4) . The GCF (Periotron ® ) scores were significantly decreased in the CMC2.24 group by 32%, compared to the placebo group, at the 3-month time period (p<0.05) ( Figure 6A ). Moreover, compared to its own baseline, the 3-month regimen of CMC2.24 produced a similar level of reduction (>30%) at the end of the experimental protocol which, unlike the placebo group, was also statistically significant (p<0.05). In contrast, the placebo-treated control group showed no pattern of change during the 3-month protocol.
Changes in IL-1β concentrations (pg/mL) appeared to be more variable, even at the baseline measurements ( Figure 6B) . The IL-1β concentration was significantly greater in the CMC2.24 group compared to the placebo control group (p<0.05), prior to starting the experimental treatment protocol (baseline values), but did show a 43% reduction (p<0.05) after 2 and 3 months of CMC2.24 treatment. It should be noted, however, that although the 2-month values for the placebo group were not different from its own baseline values, 3 months on placebo did show a significant reduction of IL-1β in the GCF samples ( Figure 6B ). Other inflammatory markers in the GCF, including IL-6, TNF-α and hs-CRP were all undetectable by ELISA measurements.
Gingival Extracts
Significant changes in levels of MMP-9 and MMP-2 in partially purified extracts of gingival tissues were seen at three months, the conclusion of the study (Figure 7A and  B) . As shown in a representative zymogram ( Figure 7A ), 92 kDa gelatinase or pro-MMP-9 was clearly detectable in the gingival tissues of both groups of dogs; CMC2.24 treatment significantly reduced total-, pro-, and activatedforms of this collagenolytic neutral proteinase by 33% (p<0.005) for both total-and pro-forms, and by more than 90% (p<0.001) for the activated form. A similar pattern of inhibition was seen for these 3 forms of MMP-2 by CMC2.24 treatment ( Figure 7B ), compared to placebo group, except that only the suppression of the activated-form of MMP-2 by this treatment was statistically significant (p<0.05). The extracts of gingival tissues were also analyzed for the expression of cell-signaling molecules, TLR-2 ( Figure 8A ) and p38 MAPK ( Figure 8B ), by Western blot technique. 36 CMC2.24 treatment significantly reduced TLR-2 (p<0.05) by 50.9%, (TLR-4 also showed a trend of reduction, but this effect was not statistically significant; data not shown) and also decreased p38 MAPK (p<0.05) by 37.2%, at the 3-month time period, compared to placebo. 
Figure 7
The effects of orally administered CMC2.24 or placebo on MMP-9 and MMP-2 in gingival extracts measured by gelatin zymography at three months. Grey bar: Placebo group; black bar: CMC2.24 treatment group. Each value represents the mean (n=4 samples/group) ± S.E.M. (A) Pro-, activated-, and total-MMP-9 in gingival extracts were measured by gelatin zymography at three months. ## and ### Indicate p<0.005 and p<0.001, respectively, values compared to placebo at 3-month time period. (B) Pro-, activated-, and total-MMP-2 in gingival extracts were measured by gelatin zymography at three months. # Indicates p<0.05, values also compared to placebo at 3-month time period.
Macrophage Cell Culture (ex-vivo)
Monocyte/macrophages were isolated from peripheral blood samples of the dogs, treated in vivo either with CMC2.24 or placebo, at the 3-month time period. These cells were then cultured ex-vivo for 18 hrs. CMC2.24 treatment essentially completely blocked the conversion of prointo smaller molecular weight activated-MMP-9 (p<0.05). In contrast, in the placebo-treated dogs, although some of the pro-MMP-9 was found to be activated, most of the MMP-9 remained in the inactive, higher molecular weight (92 kDa) pro-form ( Figure 9 ).
Discussion
Periodontitis is an extremely, perhaps the most, prevalent chronic inflammatory disease in both humans and dogs 46, 47 and, like humans, natural periodontitis in dogs is characterized by progressive destruction of connective tissues and alveolar bone. As is well known, this local disease is initiated by a persistent microbial insult, i. e., lipopolysaccharide (LPS)/endotoxin from anaerobic gram-negative bacteria such as Porphyromonas gingivalis, but largely attributed to an exuberant host response in susceptible individuals. 48 LPS and other virulence factors stimulate the host's immune-inflammatory response by binding to Toll-like receptors (TLR-2 and/or TLR-4 induced by P. gingivalis; TLR-4 induced by E. coli 49 ) which further activates the downstream cell-signaling molecules, especially nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB), and transcription through the protein kinase signaling transduction system. 50 Research also showed the binding of the receptor activator of nuclear factor kappa-Β ligand (RANKL) with RANK can also activate NF-κB. 51 NF-κB transcription then upregulates multiple cellular signaling cascade events, such as the p38 MAPKs, which promote the expression of proinflammatory cytokines, (e.g., IL-1β, TNF-α, and IL-6), chemokines, MMPs (such as MMP-8, MMP-9, MMP-12 and MMP-13), and reactive oxygen species (e.g., superoxide anion, hypochlorous acid, hydroxyl anion). 52 These inflammatory bio-active molecules are important mediators in the pathogenesis of periodontitis, which is characterized by the recruitment of neutrophils, macrophages, T-cells, B-cells and other inflammatory cells to the periodontium, followed by the destruction of the extracellular matrix, including the loss of alveolar bone. 53, 54 To develop optimally effective therapeutic strategies, suppression of the microbial biofilm is essential but insufficient; it is now recognized that HMT is also needed. However, only one host-modulator, a novel NONantimicrobial formulation of doxycycline (NAD), has been governmentally approved (US-FDA; also Canada and Europe Regulatory Agencies) as treatment (adjunctive to SRP) of human periodontal disease. An additional NAD, Oracea ® , which is an FDA-approved NON-antimicrobial medication for chronic inflammatory skin disease, acne rosacea, has been used "off-label" as an adjunct to SRP as well. 9 And, finally, in considering the use of the NON-antibiotic properties of tetracyclines as host-modulators, one of the most potent of the chemically-modified tetracyclines, CMT-3 has also shown evidence of safety and efficacy in cell and tissue culture, in vivo (rat models), and in clinical studies. 9, 12, 55 This novel and potent MMP-inhibitor compound was tested in humans with Kaposi's Sarcoma and found to suppress neoplastic angiogenesis. 55 More recently, Ryan et al 56 CMT-3 (10 mg once/day) suppressed IL-1β and MMP-8 in the GCF of patients with chronic periodontitis. Although CMT-3 has been tested in human cells 13, 14 and in several human diseases, 55, 56 it has not yet been approved for clinical use.
More recently, we have proposed a newer therapeutic strategy which uses orally (systemically) administered CMC2.24, a novel chemically-modified curcumin which is modeled after the tetracyclines, but which has an enhanced Ca 2+ and Zn 2+ binding site; the latter involves a triketonic structure in its C-4 position, plus additional structural differences (see Figure 1 ). In this regard, CMC2.24 has also been tested in different models and conditions as we described before and shown to be effective in improving delayed wound healing, 38 and reducing severe periodontitis as complications of uncontrolled diabetes in rats; 35 it also reduced LPSenhanced periodontal disease in both normal and diabetic rats. 32, 36 Multiple mechanisms of action, exhibited by this novel compound CMC2.24, appear to be involved in suppressing periodontal tissue destruction in these animal models. In brief, these mechanisms include (but are not limited to) reducing pro-inflammatory mediator production (IL-1β, IL-6, TNF-α), 32, 35, 36 downregulating the transcription of inflammatory cell-signaling molecules (p65 NFκB and p38 MAPK), decreasing alveolar bone loss, 36 and enhancing resolvin activity [Resolvin D1, a docosahexaenoic acid (DHA)]. 34, 35 These data also support the ability of this CMC2.24 to modulate intraand extra-cellular MMP-inhibitory mechanisms which are associated, at least in part, with the zinc-binding characteristics of this and related compounds. 31 In the current study, we began to investigate the potential of CMC2.24 as a therapeutic adjunct to mechanical debridement to reduce naturally-occurring periodontitis in dogs, an animal model with characteristics similar to human periodontitis. This initial study showed that the 3-month regimen of this novel HMT significantly reduced inflammatory biomarkers and mediators, as well as reducing the severity of clinical measurements of periodontal disease. Specifically, the 3-month oral regimen of CMC2.24 was significantly effective at reducing probing depth and gingival inflammation (GI), as well as reducing radiographic alveolar bone loss, compared to placebo Figure 9 The effects of orally administered CMC2.24 or placebo on pro-, activated-, and total-MMP-9 in blood-derived monocyte/macrophage culture (ex-vivo) were detected by gelatin zymography at three months. Grey bar: Placebo group; black bar: CMC2.24 treatment group. Each value represents the mean (n=4/group) ± S.E.M. # Indicates p<0.05, values compared to placebo at 3-month time period. administration, even in the absence of a detectable effect on microbial biofilm accumulation. However, the other clinical parameters, including BOP, CAL and mobility scores, showed the trend of reduction, but were not statistically significant (data not shown). Regarding the biochemical mediators, there was a significant decrease in GCF IL-1β level in the treatment group at the 2-month time period, indicating CMC2.24 suppressed inflammatory mediator secretion. Moreover, CMC2.24 treatment inhibited the conversion of pro (inactive)-to activated-MMP-9 extracted from gingiva, and the effect was also seen in peripheral blood-derived monocyte/macrophages in cell culture. This novel treatment also reduced pathologically excessive levels of total-MMP-9 and activated-MMP-2 levels in the inflamed gingival tissues, further evidence of CMC2.24 suppression of host-mediated tissuedestructive activity. Since proteases such as trypsin and other factors such as ROS are capable of activating pro-MMPs, 57,58 the suppression of these factors by CMC2.24 may provide, at least in part, additional mechanisms for reducing tissue breakdown. Furthermore, Western blot analysis of these gingival extracts showed that CMC2.24 attenuated the inflammatory signal cascade system by decreasing the expression levels of TLR-2 and p38 MAPK. There also appeared to be some reduction by CMC2.24, in the following molecular pathways, including: TLR-4, extracellular signal-regulated kinases (ERK1/ 2 MAP kinases, the classical MAP kinases), nicotinamide adenine dinucleotide phosphate oxidase 4 (NADPH oxidase 4), and p65 NFκB (data not shown). However, these effects were not statistically significant and require further investigation.
A separate study has been initiated to determine whether a short time period (e.g., 1-month treatment) would also be effective. In this regard, preliminary evidence in the dog model indicates that a 1-month protocol, although it did not result in clinical improvement, did reduce MMP-9 in peripheral blood (plasma) (data not shown). This ongoing preliminary study suggests that CMC2.24 is a potent inhibitor of MMPs and that this early effect, with longer periods of treatment, ultimately results in clinical improvements. These results will be published in a separate paper.
Conclusion
In summary, our results indicated that CMC2.24 can significantly reduce the active tissue-destructive phase of the inflammatory process during naturally-occurring periodontitis. The potential clinical efficacy of CMC2.24 was demonstrated by improvements in: (a) the clinical periodontal measurements; (b) the proinflammatory cytokines and collagenolytic MMPs; and (c) the transcription factors involved in the inflammatory signal cascade such as TLR-2 and p38 MAPK. It should also be pointed out that CMC2.24 was found to be safe as well as effective. There was no evidence of toxicity and no adverse events in the CMC2.24 treated dogs (or other animals, or in cell culture). 30, 35 These results, along with previous studies, support the potential of CMC2.24 as a novel adjunct to SRP for optimal management of periodontal disease.
